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Abstract 
Plastic instability is a commonly observed problem, in sheet metal forming operation, which leads to defective products. Forming 
Limit Diagram (FLD) is an important parameter to be considered in the manufacturing process of non-defective sheet products. 
This paper focuses on FLD prediction based on simulation of Nakazima test using finite element software Pam-Stamp 2G. Finite 
Element Model (FEM) for Nakazima test is established in this work. Then the experimental values are compared with the 
simulation results in order to establish the credibility of Nakazima test simulation tool. Then the simulation is extended to predict 
the FLD of AA2014 aluminium alloy. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICETEST – 2015. 
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1. Introduction 
Sheet metal forming process must be done with excessive care in order to avoid fracture and excessive localized 
thinning, since it has many delicate applications [9]. The sheet metal forming operation is widely used in aerospace 
industry, automotive industry, household equipment’s and many other industrial applications that requires fine and 
accurate forming process. Forming Limit Diagram (FLD) is used during the design stage of any new sheet metal 
component for tooling shape & optimizing variables. In sheet metal industry and studies, it is widely used and 
considered as one of the important tool to determine the formability of sheet metals. Every sheet metal has its own 
forming limit diagram which determines its formability, strain limit and forming regions. 
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Forming limit diagram is a representation of the critical combination of the two principal surface strains major 
and minor above which localized necking instability is observed, as illustrated in Fig. 1 [2]. The forming limit curve 
is plotted, for varying strain ratios, from pure shear to equibiaxial tension. One can conclude that drawing has 
happened in the case of negative minor strain or negative strain ratio. Stretching is observed, when minor strain is 
obtained as positive or the strain ratio is positive.  It must be ensured that the strains plotted are true strains [1].  
In order to construct the FLD and to analyze the instabilities in sheet metal, various experimental and 
mathematical approaches have been developed [6][7]. Results obtained from theoretical and experimental 
approaches can be compared to establish the validity of theoretical and mathematical approaches [4]. Uniaxial 
tensile test, hydraulic bulge test, punch stretching test, Hecker test, Marciniak test, Keeler test, Nakazima test are 
some of the experimental procedures [1][2]. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Forming Limit Diagram 
Literature survey conducted revealed various experimental methods used for obtaining FLDs which can be 
summarised as follows. Keeler test uses punches of different radius to obtain the positive (ε2 > 0) range of FLDs [2]. 
High amount of experimental work is required for the Keeler test which is its major drawback. The positive range of 
FLD can also be obtained by Hecker test. The frictional effects are eliminated and only the negative range of FLD 
(ε2 < 0) are obtained, by using uniaxial tension test. The Hydraulic Bulge Test is performed to determine only the 
positive range of FLD (ε2 > 0) and in this test the frictional effects are eliminated. FLD can also be obtained by using 
Punch Stretching Test, in which the specimen is stretched by a hemispherical or elliptical punch and which is 
clamped between a die and a blank holder and. To obtain different strain paths, the specimen geometries are varied. 
Marciniak test uses a hollow punch. An intermediate part which has a circular hole in it is placed between the punch 
and the work piece. The aim is to obtain the tearing at the planar bottom section of the cup, otherwise cracks occurs 
between the cylindrical wall and the bottom. By using different specimen geometries and intermediate parts, full 
range of FLD can be obtained.  Complex geometries of punches and dies are required for Marciniak test and major 
drawback is a limitation for the positive range of the FLD. Finally, Nakazima test can be used to obtain the full range 
of FLD. By drawing the specimens with hemispherical punch and a circular die for varying widths, different strain 
paths can be obtained. 
From the aforementioned tests, Nakazima test seems to be the most powerful and advantageous because of the 
following reasons: 
 
x The tools used for the test is simple 
x The geometries of the specimens are not complex 
x Full range of the FLD can be determined. 
 
Today, Nakazima test is widely used in industry and sheet metal testing laboratories in order to evaluate the 
forming limits of the sheet metals [2]. 
In this paper, the development of Nakazima test simulation tool is explained initially, then the FLD of aluminium 
alloy AA2024 sheet metal is predicted by the simulation tool developed. The simulation results obtained are 
compared with the actual experimental results to validate the simulation tool and the study is extended to predict the 
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FLD of aluminium alloy AA2014. Finite element analysis [3] is performed in commercial Finite Element (FE) 
software PAM-STAMP 2G platform. 
2. FE modelling approach 
2.1. Yield criteria 
The concern here is to describe mathematically the conditions for yielding under complex stresses. A yield 
criterion is a mathematical expression of the stress states that will cause yielding or plastic flow. 
The HILL 48 criterion coupled to an isotropic hardening law is the most commonly used criterion. The data of 
this law are easy to obtain and it is used for standard steels and aluminum. The HILL 90 criterion type is based on a 
non-quadratic yield function as opposed to a quadratic yield function (HILL 48). This criterion is able to take into 
account different behaviors during the bending/unbending phase and seems to be well adapted to aluminum. The 
HILL 90 criterion models plasticity convexes in a more general manner than the HILL 48 model but the simulation 
time is increased.  
The BARLAT 89 criterion is a three-component yield criterion, less sophisticated than BARLAT 91 (six 
components), but has the advantage of being much more stable and faster. This criterion is mainly used for 
aluminum. The BARLAT 91 criterion makes it possible to represent more general plasticity convexes than HILL’s 
criterion, but increases significantly CPU time. The BARLAT2000’s criterion is an eight-component yield criterion, 
more sophisticated than BARLAT89 (three components) and Barlat91 (six components). This criterion is mainly 
used for aluminum. 
 
In the simulation HILL 48 criterion, shown in Equation 1 was used to describe the conditions for yielding due to 
its reduced complexity and less simulation time requirement [9]. In this criterion the equivalent stress is expressed 
as: 
ߪுூ௅௅ସ଼ ൌ ට
ଵ
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F, G, H and N are constants specific to the anisotropy state of the material, R0, R45 and R90 are the plastic strain 
ratios or anisotropy values in the directions of tensile test specimens and σ11, σ22, σ33 and σ12  are the components of 
stress tensor. In the case of sheet metals, axis 1 is usually parallel to the rolling direction, 2 is parallel to the 
transverse direction and 3 is collinear with the normal direction. 
2.2. Material hardening law 
In the Pam-Stamp software the hardening law definition was given as Hollomon law. The Hollomon hardening 
law is given in Equation 5. 
 
 σ = Kεn                                                               (5)
  
Where σ is the stress, K is the strength index, ε is the strain and n is the strain hardening exponent [12]. 
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Mechanical properties obtained by standard tensile test for annealed aluminium alloys AA2024-O and AA2014-
O are summarized in Table 1 and Table 2. 
     Table 1. Material Properties of AA2024-O 
YS 
(MPa) 
UTS 
(MPa) 
Elastic Modulus 
(MPa) 
R0 R45 R90 
K 
(MPa) 
n 
72 121 73100 0.65 0.83 0.6 326.8 0.226 
 
 Table 2. Material Properties of AA2014-O 
YS 
(MPa) 
UTS 
(MPa) 
Elastic Modulus 
(MPa) 
R0 R45 R90 
K 
(MPa) 
n 
97 186 73000 0.68 0.87 0.69 297.3 0.171 
3. Mesh generation 
In FE simulation, the analysis process starts with the modelling of the required tools, then meshing them 
appropriately [5]. 
In this work, the geometries of the tools and blank are modelled in a well-known commercial software Catia and 
each model is saved in IGES file format. In Pam-Stamp, the meshes are imported first and the positions of the tools 
are adjusted for the stamping process. After meshing, the initial and boundary conditions of the tools, the process 
parameters are defined. First, the blank is defined as the deformable body whereas the other tools are rigid bodies. 
Then the material is assigned to the blank. Pam-Stamp has various materials in its database. However, new user-
defined materials can be added to the database. 
4. FE simulation 
The parameters of the Nakazima test are shown in Table 3. The FE model for Nakazima test is shown in Fig. 2 
and the geometries of the specimens are shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Finite element model 
 
 
 
 
 
 
 
 
Fig. 3.  Nakazima geometry of aluminium 
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Table 3. Process Parameters 
Hemispherical punch radius: 50mm 
Die profile radius: 5mm 
Die inner radius: 105mm 
Blank material AA 2024, AA 2014 
Blank thickness 0.6 mm 
Blank holder force: 100 kN 
Friction coefficient: 0.08 
Element type: 4 Node Rectangular And 
3 Node Triangular Elements 
Element size of blank: 3mm 
 
 
The measuring elements are selected as follows: 
 
x The neighbouring elements of the necking region are chosen arbitrarily as the measuring elements. 
x The occurrence of localized necking state is checked by the localization of true stress value corresponding to 
Ultimate Tensile Stress value of the material. 
x For specimens where localized necking was not observed, the simulation was carried out till the equivalent stress 
value reached 5% more than that of the true stress value corresponding to ultimate tensile stress value. 
5. Results and discussion 
5.1. Analysis of AA 2024-0 
This study is aimed to find out how the predicted limit strains using FE simulations are related to the one 
developed by experiments. Totally, 7 different specimens were simulated from uniaxial tension to biaxial tension 
states. Each deformed specimen gives a specific point in the FLD. The values of major and minor strains obtained 
from both experimental [1] and simulation are shown in Table 4. The deformed states of all geometries are shown in 
Fig. 4 and the deformed geometry of a single sheet specimen R85 is shown in Fig. 5. The major and minor strains of 
the element are recorded as per selection criterion discussed above. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Deformed states of the AA2024-O specimens 
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Fig. 5. Deformed geometry of R85 
Table 4. Experimental and Fem Results 
Specimen Experimental Values Simulation Results 
Dimension (mm) Minor Strain Major  Strain Minor Strain Major  Strain 
R 85 -0.0462 0.23125 -0.0617 0.2245 
R 75 -0.0198 0.225 -0.038 0.2238 
R 65 -0.0033 0.2125 -0.0060 0.2277 
R 60 0.0132 0.1812 0.0072 0.1885 
R 50 0.02 0.1687 0.0122 0.1767 
R 40 0.0632 0.22 0.0542 0.2222 
R 0 0.18 0.2305 0.1718 0.2319 
 
The experimental and simulated values of major and minor strains are plotted to find out the accuracy of the FEM 
results. Fig. 6 shows the experimentally and FEM plotted graph. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. FLC generated by experiment and FEM 
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Good agreement has been obtained between the experimental and software generated FLCs. Thus the Nakazima 
test simulation tool is validated for the generation of FLD. Now the same procedure is extended for FLD generation 
of AA 2014. 
5.2. Nakazima test simulation of AA 2014 specimens 
Totally, 7 different specimens were simulated from uniaxial tension to biaxial tension states as performed for AA 
2024 in the previous section. The geometries of the specimens, the boundary conditions, process parameters were all 
the same as for AA 2024, but variation occurs in the material property values. 
Finite element software Pam-Stamp-2g was used to simulate the Nakazima test of AA 2014 specimens and the 
measuring elements were selected as discussed. The major and minor strain values of the elements were taken and 
are plotted in the FLD graph to obtain the Forming Limit Curve (FLC) of AA 2014. Fig. 7 shows the graph 
obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. FLD of AA2014 aluminium alloy 
6. Conclusion 
Nakazima test simulation tool for the generation of FLD was developed. The FLD of aluminium alloy AA2024 
sheet metal was predicted by the newly developed simulation tool. The simulation results obtained were compared 
with the actual experimental results. Good agreement has been obtained between the experimental and software 
generated FLCs and the simulation tool is validated. The study was extended to predict the FLD of aluminium alloy 
AA2014. Thus integrating today’s advanced FE analysis tools into the forming limit prediction process may 
substantially reduce the time and material wasted during the trial and error period and highly detailed formability 
analysis similar to real case could be performed accurately and eliminate the need and effort for the expensive 
experimental studies. 
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